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• Bacterial isolates from two low-impacted
rivers show resistance to two ormore anti-
biotics.

• ARGs were detected in river water sam-
ples not experimentally exposed to antibi-
otics.

• blaTEM was found in ~58 % of total iso-
lates upon exposure to antibiotics.

• Most isolates belonged to Enterobacterales,
Micrococcales and Pseudomonadales or-
ders.
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This study aimed to investigate the bacterial diversity and the background level of antibiotic resistance in two fresh-
water ecosystems with low anthropogenic impact in order to evaluate the presence of natural antimicrobial resistance
in these areas and its potential to spread downstream.Water samples from a pre-Alpine and anApennine river (Variola
and Tiber, respectively) were collected in three different sampling campaigns and bacterial diversity was assessed by
16S sequencing, while the presence of bacteria resistant to five antibiotics was screened using a culturable approach.
Overall bacterial load was higher in the Tiber River compared with the Variola River. Furthermore, the study revealed
the presence of resistant bacteria, especially the Tiber River showed, for each sampling, the presence of resistance to all
antibiotics tested, while for the Variola River, the detected resistancewas variable, comprising two ormore antibiotics.
Screening of two resistance genes on a total of one hundred eighteen bacterial isolates from the two rivers showed that
blaTEM, conferring resistance to β-lactam antibiotics, was dominant and present in ~58% of isolates compared to only
~9 % for mefA/E conferring resistance to macrolides. Moreover, β-lactam resistance was detected in various isolates
showing also resistance to additional antibiotics such as macrolides, aminoglycosides and tetracyclines. These
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observations would suggest the presence of co-resistant bacteria even in non-anthropogenic environments and this re-
sistance may spread from the environment to humans and/or animals.
1. Introduction

Antimicrobial resistance (AMR) is one of the global concerns for public
health, which affects the effectiveness of antibiotics to treat life-threatening
infections and the healthcare system (World Health, 2015). Given its clini-
cal relevance, studies on AMR have mainly been focused on the analysis of
pathogens from patients or contaminated environments such as wastewater
treatment plants (WWTPs) (Czekalski et al., 2014; Pärnänen et al., 2019;
Sanseverino et al., 2022a; Szczepanowski et al., 2009). Recently, it has be-
come evident that AMR is common not only among commensal bacteria of
humans and animals, but also among environmental bacteria in different
ecosystems (Pal et al., 2016), from sediments, including ancient permafrost
sediments (30,000 years old) (D'Costa et al., 2011), to surface water
samples (Jardine et al., 2019; Lima-Bittencourt et al., 2007). Misuse and
overuse of antibiotics with their consequent discharge to the environment
have been claimed as the main drivers in the development of antibiotic
resistant bacteria (ARB) (WHO, 2021). Besides, chemical pollutants such
as heavy metals (e.g. silver) (Durán et al., 2016; Larimer et al., 2014; Li
et al., 2017) or other biocides (e.g. triclosan) (Schweizer, 2001) present
in environmental matrices constitute an additional selective pressure lead-
ing to the occurrence of AMR (Komijani et al., 2021; Lu et al., 2020).

Antibiotics are compounds produced naturally bymicroorganisms (Ben
et al., 2019), and antibiotic resistance is an ancient and natural phenome-
non (D'Costa et al., 2011). Indeed, bacteria develop resistance naturally
via spontaneousmutations or/and through the acquisition of genetic deter-
minants from other bacteria as a survival mechanism in the presence of
environmental stressors (Sanseverino et al., 2018). The occurrence of resis-
tance plasmids in pristine environments without any record of the presence
of antibiotics was described in the first field studies investigating antibiotic
resistance (Gardner et al., 1969). Other studies have demonstrated that
resistance can also be maintained without antibiotic selective pressures
(Pontes et al., 2009a), however the extent to which environmental factors
may affect the resistance is not fully understood. Additionally, it has been
observed that the excessive use of antibiotics in medicine and agriculture
stimulates the proliferation and selection of resistance in bacterial commu-
nities (Prestinaci et al., 2015).

AMR is mainly transmitted among humans, animals and in natural
environments (Iossa andWhite, 2018) through the acquisition of antibiotic
resistance genes (ARG) via mobile genetic elements (MGEs) such as
integrons, transposons and plasmids (van Hoek et al., 2011). Recent
evidence would suggest that many ARGs found in pathogens may have an
environmental origin (Bhullar et al., 2012; D'Costa et al., 2011). Indeed,
in the last years, the environment, in particular water, has been identified
as a potential source and transmission route for ARGs, posing therefore a
potential risk for human health (Ashbolt et al., 2013). However, antibiotic
resistance frompristine environmentswith no or low anthropogenic impact
have beenmuch less studied. Consequently, there is a need to investigate in
more detail the role of environmental bacteria and their capacity to main-
tain and to spread AMR.

The aim of this work was to investigate the natural presence of antibiotic
resistance in environmental bacterial communities. Water samples were col-
lected at or close to the river source, at three different time points between
September 2018 and July 2019 in two freshwater ecosystems with low an-
thropogenic impact: the Variola River and the Tiber River, Italy. Freshwater
ecosystemwas considered of having low anthropogenic impact when no ag-
ricultural activity, industrial sites, or WWTP effluents were located in the
nearby area. We assessed the microbial community composition by 16S
ribosomal RNA (rRNA) amplicon sequencing and the presence of bacteria
resistant to five antibiotics (two β-lactams, macrolide, aminoglycoside and
tetracycline) using a culturable method. In addition, the presence of two
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ARGs, blaTEM and mefA/E, encoding resistance to β-lactams and macrolide
antibiotics, respectively, was tested by Polymerase Chain Reaction (PCR)
as resistance to these antibiotics was the most abundant in the isolates of
both rivers.

2. Materials and methods

2.1. Sampling points

To study the natural background of antibiotic resistance in bacterial pop-
ulation, two different locations were selected as pilot cases, the Variola River
and the source of the Tiber River (Fig. 1). The Variola River is located in
Monte Ossolano, an alpine area of the Dagliano Valley in Piedmont (North
of Italy) with the sampling point located 7 km from the river source, in a
rocky riverbed and surrounded by grassland with few trees. The Tiber River
is the third longest river in Italy arising in Monte Fumaiolo, in the Northern
Apennine in Emilia-Romagna (Central Italy). Sampling was performed at
the source, located in a beech forest at 1268 m above the sea level. The sam-
pling point was surrounded by a forest and presented numerous leaves on the
riverbed. Sampling campaigns were conducted in September/November
2018 and March 2019 for the Variola River; and in October 2018, April
and July 2019 for the Tiber River. The surroundings of the sampling points
do not present farms, industries, or effluents of WWTPs. The area of both
rivers is frequented by tourists and hikers.

Water for microbiological analysis was collected using 2 acid-washed
10 L bottles, which were rinsed twice before collection. All water samples
were transported to the laboratory on ice and processed immediately.

A separate one-liter aliquot of water was collected in a high-density
polyethylene (HDPE) dark bottle for antibiotic analysis in each sampling
site. The water was immediately stabilized adding 10 mL of ethylenedi-
aminetetraacetic acid disodium salt dihydrate (Na2EDTA·2H2O) to prevent
metal complexation (Opriş et al., 2013). Samples were then transported to
the laboratory and stored at 4 °C until extraction, which was performed
within 2 days.

2.2. Physicochemical and microbiological parameters

Physicochemical parameters of water samples, including temperature
(°C), dissolved oxygen (DO,%), pH and conductivity (μgmL−1) were deter-
mined on site for each campaign using an Orion start A329 multi-meter
(ThermoFisher Scientific).

Immediately upon arrival to the laboratory, 500 mL and 1 L of each
water sample were filtered using GF/C membranes (Whatman™, Kent,
UK) for Chlorophyll a (Chl-a) analysis. Filter membranes were folded and
placed in a 15 mL falcon tube, protected from light with aluminum foil
and stored at −20 °C for a maximum of one day. The samples were ana-
lyzed by spectrophotometric analysis using a methanol-based extraction
(HMSO, 1983). Briefly, 14mL of 100%methanol were added to each filter.
The samples were then boiled at 70 °C for about 5 min and centrifuged for
7 min at 3500 rpm. The supernatant was carefully poured into a quartz cu-
vette and optical density (OD) was measured at 665 nm and 750 nm. Chl-a
content was determined applying the following equation (HMSO, 1983):

Chl‐a μg L�1� � ¼
13:9 ∗ OD665nm � OD750nmð Þ∗v∗d½ �=P∗V

where: v - added volume of methanol, d - dilution factor (when applicable),
P - cuvette path in cm, V - filtered water sample in liters.

Total suspended solids (TSS) were determined on samples filtered
through 0.45 μm pore size filter with the standard method APAT CNR



Fig. 1. Geographical location of the sampling points (National Geographic Cartography Basemap). Water samples from the Variola River (46°07′31.2″N - 8°13′29.3″E) were
collected in September, November 2018, and March 2019; for the Tiber River source (43°47′10.6″N - 12°04′44.4″E), sampling campaigns took place in October 2018, April
and July 2019.
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IRSA 2090B Man 29 2003. Anions (NO−
3 and NO−

2), total nitrogen (TN)
and total organic carbon (TOC) were determined in water samples filtered
through 0.22 μm pore size filter. Anions were analyzed by ion chromatog-
raphy using the standard method APAT CNR IRSA 4020. Total nitrogen
was determined using the standard method UNI 11759:2019, while TOC
was analyzed using the kit LCK 385 (Hach, Germany) following manufac-
turer's instructions.

For each sampling time and location, total coliforms, Escherichia coli
(E. coli) and Enterococcus spp. concentrations were determined using
Colilert and Enterolert defined substrate assay (IDEXX Laboratories,
Westbrook, ME) following the manufacturer's instructions. The values are
reported as the most probable number (MPN) per 100 mL−1.

Total bacterial count of all samples was performed by fluorescence anal-
ysis. Eight milliliters of each sample were centrifuged at 10,000 ×g for
45 min. The supernatant was discarded, and the pellet resuspended in
1.6 mL of phosphate buffered saline (PBS) (Sigma-Aldrich, Germany) in
order to have a sufficient concentration of bacteria during measurements.
The stainingwas done in untreated black 96-wellmicroplates (ThermoFisher
Scientific) using 200 μL aliquot of a concentrated sample and 20 μL of SYBR
Green I to a final concentration of 10× and incubated at room temperature
for 15 min in the dark. Cell amount in each sample was determined using a
regression equation generated by a standard curve with a known concentra-
tion of a serial diluted (1:10) overnight culture of E. coli,with a limit of detec-
tion (LOD) of 102 cells mL−1. The fluorescence measurements (FI) were
performed in triplicate according to Martens-Habbena and Sass (2006)
instructions, using an Infinite F200 microplate reader (Tecan, Austria), and
the following formula:

FI ¼ Cell=mLð Þa � 10b
3

where FI is the value offluorescence, while a and b are the values obtained in
the regression equation.

2.3. Antibiotic analysis

Water samples were analyzed for the presence of twenty-two antibiotic
compounds belonging to several classes (Table S1). The choice of the antibi-
otics to bemeasuredwas based on their wide presence in the aquatic environ-
ment (Sanseverino et al., 2018). All the standards and solvents were
purchased from Sigma-Aldrich (Sigma-Aldrich, Germany) at analytical
reagent grade or LC-MS grade purity. The samples were filtered on glass
micro-fiber GF/F 0.7 μm nominal pore size (Whatman, Kent, UK) and split
in two aliquots of 500 mL. The pH of one aliquot was adjusted to 3 with hy-
drochloric acid (35%) and used tomeasure tetracycline antibiotics, ofloxacin,
levofloxacin, ciprofloxacin, norfloxacin and amoxicillin. The other aliquot
was used to quantify the remnant analytes. Fifty microliters of each internal
standard solution (1 μg mL−1) were added to the sample aliquots.

The sample aliquots were extracted on preconditioned Oasis HLB car-
tridges (200 mg 6 mL−1, Waters, Milford, MA). Elution was performed on
cartridges air-dried under vacuum using 6 mL of methanol and then the el-
uate was concentrated to 1 mL under a stream of nitrogen. Two hundred
microliters of extracts were completely dried and then reconstituted with
200 μL of ultrapure water (UW)/methanol (90:10, v/v) to be analyzed by
liquid chromatography coupled to mass spectrometry (UHPLC-MS/MS).
Generally, recoveries were above 75 % with relative standard deviations
(RSD) below 15 %; LOQs ranged from 0.2 to 126 ng L−1. The detailed ex-
traction protocol, liquid chromatography parameters and the mass spec-
trometer settings are reported in the Supplementary material (Paragraph
S1 and Tables S1, S2, S3, S4).
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2.4. DNA extraction and next generation sequencing (NGS)

For DNA extraction, three biological replicates of 5 L and 1 L from the
Variola River and the Tiber River source, respectively, were filtered using
a 0.22 μm pore size filter and stored at −20 °C until further processing.

DNA extraction was performed according to the protocol described in
Sanseverino et al. (2022b). DNA extracted from the replicates was pooled
to avoid internal variations and was stored at−20 °C until further analysis.

2.4.1. Library preparation and DNA sequencing
Amplification of 16S ribosomal RNA (rRNA, variable regions V3-V4)

was performed using primer pairs shown in Table S5. Libraries were
prepared following the method described in Sanseverino et al. (2021).
Sequencing was performed using the IonS5 Instrument (ThermoFisher
Scientific) at the Joint Research Centre (JRC) in Ispra (VA, Italy). All 16S
rRNA samples were sequenced as 400 bp reads, using Ion 520 Chip Kits
(ThermoFisher Scientific).

2.4.2. 16S rRNA sequencing data analysis
Raw read datawasfirstfiltered retaining only reads of at least 300 nucle-

otides in length. Reads that contained amplicons in the reverse sense were
reverted to sense strand sequences. To allow for an unbiased comparison
between samples, 295,000 reads were then randomly selected from each
sample using USEARCH (Edgar, 2010) followed by IU clustering at 97 %
sequence identity and taxonomic binning was performed with the SINTAX
algorithm (Edgar, 2016) against the GTDB 16S sequence database (Parks
et al., 2018). All read data has been deposited at ENA under project ID
PRJEB52263 (https://www.ebi.ac.uk/ena/browser/view/PRJEB52263).

2.5. Antibiotic stock solution

Five different antibiotics (erythromycin, ampicillin, amoxicillin, kana-
mycin, and tetracycline) were purchased from Sigma-Aldrich (Germany).
Antibiotic stocks were prepared under aseptic conditions by dissolving the
powder in sterile distilled water for ampicillin (10 mg mL−1), amoxicillin
(3 mg mL−1) and kanamycin (10 mg mL−1), and ethanol 100 % or 70 %
for erythromycin (10 mg mL−1) and tetracycline (10 mg mL−1), respec-
tively. The stocks were sterilized through filtration and aliquots stored at
−20 °C. Working stock solutions of antibiotics were freshly prepared the
day of agar plate preparation using sterile distilled water.

2.6. Antibiotic resistance test

For the antibiotic resistance test, 10 mL of each water sample were con-
centrated by centrifugation 5 times at 10,000 ×g for 45 min, and resus-
pended with PBS. An aliquot of 100 μL of the resuspended buffered
solutionwas plated on Luria-Bertani (LB) agar plate containing erythromycin
(16 μg mL−1), amoxicillin (10 μg mL−1), ampicillin (32 μg mL−1), kanamy-
cin (35 μg mL−1) or tetracycline (16 μg mL−1). Aliquots were also plated on
agar plates without antibiotics as control. These concentrations were used
previously in other studies (Garcia-Bermejo et al., 1998; Tacão et al., 2012;
Watkinson et al., 2007). To monitor any possible bacterial contamination
by handling and plating during the study, a bottle ofMilliQwaterwas carried
to the field. It was opened during the water collection, transported, concen-
trated, and plated as negative control following the protocol for the river
water samples. No bacterial growth was observed on the agar plates.

Erythromycin and amoxicillin were selected as they are included on the
European Commission's Water Framework Directive priority hazardous
substances Watch List (WL) (Carvalho et al., 2015; Loos et al., 2018).
Among the β-lactam antibiotics, we also selected ampicillin, while kanamy-
cin and tetracycline were included in the analysis as bacteria resistant to
these antibiotics had already been detected in pristine environments
(Chen et al., 2017; Leff et al., 1993).

The experiment was performed in triplicate. The agar plates were incu-
bated at room temperature for 6 days to allow slow-growing bacteria to be
included in the studywith isolates being counted daily. Itmust be considered
4

that not all natural bacteria are culturable in laboratory, and the agar me-
dium used can also affect bacterial species in obtained colonies.

A representation of five isolates from each treatment (with or without
antibiotics), or all isolates in case the number of colonies was lower, were
randomly picked, preserved in glycerol and stored at −80 °C for further
characterization and determination of resistance.

2.7. DNA extraction and 16 S sequencing from bacterial isolates

DNA from all collected isolates was extracted using the DNeasy Blood
and Tissue extraction kit (Qiagen, Germany) according to a slightly modi-
fied protocol designed for DNA extraction of Gram-positive bacteria.
Briefly, the lysis step was performed using an enzymatic lysis buffer pre-
pared with 37 mg mL−1 of lysozyme and an incubation of 3 h. Incubation
time for the proteinase was increased to 1 h. The concentration and quality
of DNA extracted was determined by spectrophotometry (NanoDrop ND-
1000, Thermo Fisher Scientific) and stored at −20 °C for further analysis.

Twenty-five nanogram of genomic DNA was used for PCR with
Klindworth primers (Klindworth et al., 2013) (Table S5). The PCR cycling
conditions were: hot start 95 °C for 5 min, 25 cycles of denaturation at
95 °C for 40 s, annealing at 55 °C for 2 min and elongation at 72 °C for
1 min, followed by a final elongation step at 72 °C for 7 min. Amplicon
size was determined using Bioanalyzer (Agilent Technologies). The result-
ing PCR products were purified with QIAquick PCR Purification Kit
(Qiagen, Germany) according to the manufacturer's instructions. The puri-
fied products were sequenced on Applied Biosystems 3730 (Applied
Biosystems) DNA Sequencer with the Big Dye Terminator v3.1 Cycle
Sequencing Kit (ThermoFisher Scientific) in accordancewith the producer's
indications. Identical primers for PCR and DNA sequencing were used.
Sequences obtained were then taxonomically classified using SILVA
(Pruesse et al., 2012), aligned and subjected to a phylogenetic analysis
with MEGA X (Kumar et al., 2018) and the resulting tree was displayed
with iTOL (Letunic and Bork, 2021).

2.8. Detection of antibiotic resistance genes (ARGs) in bacterial isolates

The isolates collected from treated and untreated plates were tested for
the presence/absence of two different ARGs: blaTEM, which confers resis-
tance to β-lactam antibiotics and mefA/E conferring macrolide resistance.
The target genes were amplified by PCR in a SureCycler 8800 thermocycler
(Agilent Technologies) using primers shown in Table S5 and the following
program: 95 °C for 10min, then 35 cycles of 95 °C for 5min, specific anneal-
ing temperatures listed in Table S5 for 1min, and 72 °C for 30 s, with a final
extension step of 5 min at 72 °C. Amplification mixtures were prepared in a
total volume of 25 μL, including 1× final concentration of PCR buffer,
1.5 mM dNTP, 2.5 mMMgCl2 for blaTEM and 4 mM for mefA/E, 0.3 μM of
each primer, 1 U Taq DNA polymerase (Qiagen, Germany), and 25 ng of
bacterial genomicDNA (gDNA). A negative controlwas added in all PCR as-
says to monitor contamination and random amplifications. The amplicons
were analyzed on Bioanalyzer (Agilent Technologies) in order to verify
the size of the amplification products. Sanger sequencing of one amplified
PCR product of each ARGwas confirmed by DNA sequencing in an Applied
Biosystems 3730 (Applied Biosystems) DNA Sequencer. The amplified
sequences were compared to the corresponding reference genes by BLAST
algorithm at NCBI server (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi)
and Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).

2.9. Statistical analysis

Statistical analyses to compare culturable and resistant bacteria were
performed using R® Studio Software (R version 3.6.1). Shapiro test was
used to assess if the data follows a normal distribution. The range mean
and standard error of colony forming unit (CFU) mL−1 were calculated
for isolates and data were compared using Kruskal-Wallis (Dunn test)
or ANOVA (Tukey test), depending on the normalization test of the data.
p-Values <0.1 for isolates from the Variola River and <0.05 for the Tiber

https://www.ebi.ac.uk/ena/browser/view/PRJEB52263
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
https://www.ebi.ac.uk/Tools/msa/clustalo/


Fig. 2. Taxonomic bacterial composition at the phylum level. Relative abundance of
the microbial community composition in each sampling month, for each river (x-
axis) as determined by 16S V3-V4 amplicon sequencing. Values represent the
percent fraction of all 16S V3-V4 amplicons in the sample (relative abundance, y-
axis). Only dominant phyla (values≥1 %) are shown.
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River were established as threshold for statistical significance. Statistical
differences are indicated by small letters labelled within each group
(months or antibiotic treatments); different letters indicate significant dif-
ferences at p < 0.05 and p < 0.1.

Pearson's correlation analysis was applied to evaluate the relationship
between the different antibiotics measured in the sampling campaigns
and the presence of ARB isolates and ARGs (mefA/E and blaTEM).

A canonical corresponding analysis (CCA) was performed using the
vegan package in R (Oksanen et al., 2019). The parameters analyzed
were: i) the antibiotic treatments, ii) the bacterial order identified from
the isolates collected on the agar plates, iii) the presence or absence of
two ARGs in each isolate and iv) the sampling month.

3. Results

3.1. Water characterization

The physicochemical and microbiological parameters of the water sam-
ples collected in both rivers (Variola and Tiber) are shown in Table S6. Tem-
perature variationswere detected among samples due to the seasonality, with
higher temperatures in summer (September and July) as expected. Differ-
ences between the two rivers were observed in the conductivity, Chl-a, and
bacterial abundance while similar values were registered for DO and pH.
The Tiber River showed high conductivity values ranging from 200.8 to
331.2 μs cm−1 compared with the values observed in the Variola River
which were found in a range from 30 to 64 μs cm−1. The highest concentra-
tions of CO2 fixation organisms were detected in the Tiber River, as
confirmed by Chl-a measurements (Table S6). A problem during the Chl-a
measurement occurred for the Variola River sampling in September 2018
and no value could be determined for that month. For both rivers, total
organic carbon, nitrite, nitrates, total nitrogen, and total suspended solids
were low (Table S6). The measurements of nitrates ranged from 0.3 to
0.4 mg L−1 in the Variola River and 0.8 mg L−1 in the Tiber River, values
below the European limit of 50mg L−1 asmentioned in theNitrates Directive
(91/676/EC). The values of the total nitrogen ranged from <0.1 to 0.3 mg
L−1 in the Variola River and from 0.8 to 0.9 mg L−1 in the Tiber River.
Total organic carbon measurements were below LOD (<3 mg L−1) in all
sampling campaigns except for March in the Variola River that showed a
value of 3.6 mg L−1 (Table S6).

Measurements of total coliforms, E. coli and Enterococcus spp., were car-
ried out as indication of fecal contamination. As displayed in Table S6, the
Tiber River showed the highest number of total coliforms during the entire
sampling period compared to the lower levels detected in the Variola River.
Despite these differences, both rivers are classified as excellent water qual-
ity under the European Bathing Water Directive (2006/7/EC) (European
Commission, 2006).

To investigate the anthropogenic contamination in the rivers, twenty-
two antibiotics (Table S1), belonging to nine different classes, were ana-
lyzed in the water samples. Among them, only three antibiotics showed
values above the LOQ in at least one sampling month. Clarithromycin
was identified in both rivers, at concentrations ranging from of 1 to
2.6 ng L−1 while ofloxacin and chlortetracycline were only detected in
the Tiber River, at concentrations of 2 and 1.6 ng L−1, respectively
(Table S7). Clarithromycin and ofloxacin are semi-synthetic antibiotics,
whereas chlortetracycline is a natural antibiotic isolated from Streptomyces
aureofaciens. In the sampling campaign carried out in April in the Tiber
River, three additional antibiotics, ciprofloxacin, norfloxacin and oxytetra-
cycline, were analyzed but their values were below the LOQ (Table S1).

3.2. Bacterial community analysis

Seasonal and site variations in the bacterial communitywere investigated
using 16S amplicon sequencing. As shown in Fig. 2, at the phylum level, the
microbial compositionwas overall similar across all water samples from both
rivers with the exception of Cyanobacteria that were predominantly identi-
fied only in samples from the Variola River collected in September 2018
5

(5.4 % relative abundance). However, no detection of Chl-a was possible
during this sampling month due to a problem with the measurement
(Table S6). Thirty different phyla were identified, the most abundant being
Proteobacteria followed by Bacteroidota and Patescibacteria (Fig. 2 and
Table S8). These three phyla represented over 75%of the relative abundance
in most of the analyzed samples, except for the one collected in September
(69 %). Differences among seasonal samplings were observed mainly for
the Variola River (Table S8), where Proteobacteria accounted for ~75 % of
the relative abundance in March 2019 comparing to the other samplings.
Furthermore, the phyla Firmicutes and Actinobacteria showed a higher rela-
tive abundance in September andNovember 2018 compared toMarch 2019,
while values recorded for the Tiber River were constant across the sampling
campaigns, with percentages of relative abundance of 1.4 % and 0.6–1.3 %,
respectively (Table S8 and Fig. 2).

Among the orders identified, Enterobacterales, Burkholderiales and
Sphingomonadales (phylum Proteobacteria) were found as the most repre-
sentative taxa, followed by the order UBA9983_A (phylumPatescibacteria),
Flavobacteriales and Cytophagales (phylum Bacteroidota) (Fig. S1 and
Table S9). A remarkable seasonal difference in the Variola River samples
and between the two rivers was evident for the order Enterobacterales
which showed a higher relative abundance (47.9 %) in March 2019 (Vari-
ola) compared to the 13% observed in the Tiber River (April 2019 sample).
The relative abundance of the orders Sphingomonadales, UBA9983_A,
Cytophagales and Pseudomonadales were always higher in the fall season
respect to the other sampling periods, particularly in the Tiber River and
except for Cytophagales (Fig. S1).

3.3. Antibiotic resistant bacteria (ARB) isolates

The presence of ARB was tested on agar plates with and without antibi-
otics (Fig. 3 and Table S10). The number of isolates obtained from the con-
trol (no antibiotics) varied significantly across sampling sites and months
(Kruskal-Wallis, p < 0.001), with values ranging from 1.3 ± 1.3 to 10 ±
2.3 CFU mL−1 in the Variola River and 28.7 ± 2.9 to 95.3 ± 2.7 CFU
mL−1 in the Tiber River (Fig. 3, Tables S11 and S12). Results of the Variola
River should be considered cautiously as they may be compromised by the
low number of culturable bacteria which is in linewith the data on total cell
count whose values were below the LOD (<102 cell mL−1). Instead, for
samples collected in the Tiber River, the total cell count did not correlate



Fig. 3.Average number of bacterial isolates grown on agar plateswithout antibiotics. The graph shows the average number of culturable bacteria for the Variola River (A) and
the Tiber River (B) across different months expressed as colony forming units (CFU) mL−1. Generally, the highest number of culturable bacteria was observed in both rivers
during the fall season. The vertical bars represent standard errors. Different letters indicate statistical differences among samples from each river, while an identical letter
indicates a statistically not significant difference (Variola: Tukey test, p < 0.1, Tiber: Dunn test, p < 0.05).
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with the number of culturable bacteria, indeed the highest cell count ob-
served in July 2019 (1.7 × 104 CFU mL−1, Table S6) corresponded to
the lowest number of culturable bacteria (28.7 ± 4.1 CFU mL−1) as
shown in Fig. 3.

Samples collected in autumn (November andOctober 2018) showed a sig-
nificantly higher average number of culturable bacteria, with 10±2.31 CFU
mL−1 (Tukey, p < 0.1) and 95.33± 2.67 CFUmL−1 (Dunn test, p < 0.05) in
theVariola and the Tiber River, respectively (Fig. 3, Tables S10, S11 and S12).
However, for the Tiber River, a statistically significant difference was
observed only between values obtained in October and July.

Isolates were also observed on agar plates supplemented with antibi-
otics (erythromycin, amoxicillin, ampicillin, kanamycin and tetracycline),
indicating the presence of ARB in the sampling sites (Fig. 4).

For the Variola River, no statistically significant differences were found
between the number of isolates observed on the antibiotic-supplemented
plates for any sampled month (Table S13). Water samples collected in
November showed the highest number of resistant bacteria compared to
samples collected in September andMarch (Fig. 4). Only resistance to kana-
mycin was constantly detected in the Variola River, while no isolate
showed resistance to tetracycline (Fig. 4). Contrarily, in the Tiber River,
isolates were observed in all antibiotic treatments and their number
showed statistical significance among treatments performed in October
and April (Tukey, p < 0.05, Table S14). The highest numbers of ARB
were counted on plates supplemented with β-lactams (amoxicillin and am-
picillin) and erythromycin followed by kanamycin (Fig. 4 and Table S10).
Tetracycline-resistant isolates were observed in all samples collected in
the Tiber River, even though at lower levels (2–3 isolates) compared to
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those isolated upon exposure to the other antibiotics (erythromycin, ampi-
cillin, amoxicillin and kanamycin) (Fig. 4).

3.4. Identification of bacterial isolates and antibiotic resistance genes (ARGs)

A total of 118 bacterial isolates, 36 from the Variola River and 82 from
the Tiber River, were collected from agar plates. Twenty-six isolates were
collected from the control plates without antibiotics (11 from the Variola
River and 15 from the Tiber River). Subsequently, the isolates, upon DNA
extraction, were characterized by 16S Sanger sequencing showing that
most of the amplicons were present also in the NGS data (Table S15), and
by PCR analysis for the detection of two ARGs (blaTEM, and mefA/E). Taxo-
nomic analysis revealed 27 different bacterial genera from 17 families, dis-
tributed across eleven orders and belonging to two phyla of Gram-negative
bacteria (Bacteroidota and Proteobacteria) and two phyla of Gram-positive
bacteria (Actinobacteriota and Firmicutes) (Table S16). At first glance, the
distribution at the phylum level showed higher variability between the
treatments in samples from the Variola River compared to the Tiber River
(Fig. 5). Firmicutes were detected only in the Variola River upon treatment
with erythromycin and interestingly neither of the two ARGs was present
(Fig. 5A and Table S17). In the Variola River, the phylum Bacteroidetes
was detected in the presence of erythromycin, ampicillin and amoxicillin
(Fig. 5A). In the Tiber River, Bacteroidota was detected on control plates
and those treated with ampicillin and kanamycin (Fig. 5B). The observed
resistance in Bacteroidota was attributed to blaTEM except the isolate from
November, identified as genera Pedobacter carrying the mefA/E gene
(Table S17).



Fig. 4. Bacterial isolates grown on agar plates supplemented with antibiotics. The graphs show the number of isolates for the Variola River (A) and the Tiber River
(B) expressed as colony forming units (CFU) mL−1 (y-axis). The average of triplicates is shown on the x-axis and the vertical bars represent standard errors. Different
letters indicate statistical differences between samples from each river while an identical letter indicates a statistically not significant difference (Tukey p < 0.05).
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Also isolates obtained from the control treatment already showed the
presence of the blaTEM gene. In the Variola River, one isolate was addition-
ally positive tomefA/E (Fig. 5 and Table S18). The order Pseudomonadales,
highly represented in the Tiber River (35 isolates), was mainly detected in
amoxicillin and erythromycin treatment agar plates, while for the Variola
River the most frequently detected order was Micrococcales (16 isolates),
predominantly in kanamycin treatment followed by the control treatment
(Table S17).

For the resistance genes, blaTEM was present in ~58 % (69 colonies) of
the total isolates, while mefA/E was detected only in ~9 % (11 isolates)
of the isolates. Moreover, blaTEM was detected in isolates from all antibiotic
treatments, most frequently on plates supplemented with ampicillin (15
isolates) and amoxicillin (13 isolates), as expected (Table S18). Instead
mefA/Ewas detected primarily on the erythromycin and tetracycline treat-
ment plates (4 isolates of 21 and 2 isolates of 7, respectively) (Table S18).
Overall, 42 isolates were PCR negative for both genes, suggesting that
other ARGs were responsible for resistance.

Aligned V3-V4 16S amplicon sequences from all isolates were then
displayed as a phylogenetic tree (neighbor-joining consensus tree) together
with their associated data: presence/absence of mefA/E and blaTEM, treat-
ment and taxonomic classification at the genus and order rank (Fig. 6).
Three orders, Enterobacterales, Micrococcales and Pseudomonadales
dominate the tree. For Pseudomonadales, only genera Pseudomonas and
Acinetobacter are present. All Pseudomonas isolates showed at least one
form of resistance, most frequently upon amoxicillin or erythromycin expo-
sure, some displayed ampicillin resistance, only one isolate showed kana-
mycin resistance and no tetracycline resistance. The gene blaTEM was
detected in many but not all of these isolates. For the genus Acinetobacter,
one isolate was tetracycline resistant. Overall, very few isolates spread
among different genera and orders were resistant to tetracycline treatment.
On the other hand, resistance to kanamycin exposure was observed mainly
for a subset of isolates from the orderMicrococcales, with three isolates (out
offive overall) having both blaTEM andmefA/E. Isolates from the control (no
treatment) carried mainly the blaTEM gene.

3.5. Canonical corresponding analysis (CCA)

A canonical corresponding analysis (CCA)was performed to investigate a
possible correlation between the bacterial orders of the isolates, the antibiotic
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treatments (exposure or no exposure, i.e. control), and the presence/absence
of blaTEM and mefA/E. The CCA analysis for the Variola River (Fig. 7A)
showed a significant positive correlation between the ampicillin treatment,
the presence of the mefA/E gene (F = 2.11, p < 0.1, Table S19) and the
orders Bacillales and Propionibacteriales, as indicated by the length of the ar-
rows. Conversely, blaTEM and orders Pseudomonadales and Chitinophagales
were positively correlated with the control condition (no antibiotics).
Sphingobacteriales and Micrococcales were correlated with erythromycin,
amoxicillin and kanamycin treatments at all time-points (September, Novem-
ber and March).

For the Tiber River (Fig. 7B), a different pattern was observed, and the
presence of blaTEM was strongly correlated with the ampicillin treatment
and with the orders Pseudomonadales and Enterobacterales. The detection
of mefA/E weakly correlated with the amoxicillin and kanamycin treat-
ment, and a positive correlation was observed between the erythromycin
and amoxicillin treatments (Fig. 7B). Erythromycin treatment showed
a positive correlation with the presence of Solirubrobacterales and
Sphingobacteriales bacteria, while kanamycin with Aeromonadales and
Xanthomonadales bacteria.

4. Discussion

In this study, we investigated the presence of ARB in two rivers with low
anthropogenic impact in order to assess the presence of antibiotic resistance
in natural environments. A pre-Alpine River in Northern Italy (Variola
River) and the Tiber River source in the ApennineMountains, were selected
to cover two different freshwater ecosystems. The analysis of the physico-
chemical parameters showed that the two rivers were of good water
quality, with high levels of DO and pH values at optimal range (6–9)
(Grochowska, 2020). For conductivity, the normal range found in freshwa-
ter streams is from 0 to 1500 μs cm−1. The Tiber River presented values in
the range considered adequate to support aquatic biodiversity (values be-
tween 150 and 500 μs cm−1), while the Variola River showed lower values
(<100 μs cm−1) (Behar et al., 1996). The levels of temperature, pH, conduc-
tivity and DO observed in the Tiber River were in the range of the values
obtained in another study at the same sampling point (Saccà et al., 2019).
The indicators of fecal contamination (E.coli and Enterococci) also showed
an excellent water quality level in both rivers (European Commission,
2006). The main difference observed between the two rivers was the



Fig. 5. Phylum-level taxonomic identification of bacterial isolates from agar plates with and without antibiotics and antibiotic resistance genes (ARGs) detection fromwater
samples collected in the Variola River (A) and in the Tiber River (B). Graphics show the microbial composition in each sampling month (x-axis) determined by 16S Sanger
sequencing. The results are expressed as the number of isolates identified at phylum level. Detection of the two resistance genes, mefA/E and blaTEM, is shown on the top of
each graph. The number of + symbols corresponds to the number of isolates which were positive in the PCR.
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bacterial load, being considerably lower for the Variola River (isolates and
cell count) compared to the Tiber River (Table S6, Fig. 3). This difference is
consistent with low levels of conductivity observed in the Variola River; in-
deed, a high conductivity in water is associated with a high concentration
of ions, which could be advantageous to bacterial growth (Wang et al.,
2021). Measurements of nitrate, nitrite, total nitrogen, total organic carbon
and total suspended solids were low as expected in pristine waters
(Table S6).

Froma list of 22 antibiotics analyzed during the sampling campaigns, only
three were detected in the rivers: two synthetic antibiotics (clarithromycin
and ofloxacin), and one natural antibiotic (chlortetracycline) which is
extracted from Streptomyces aureofaciens. Clarithromycin (macrolide) and
ofloxacin (fluoroquinolone) are used to treat a variety of bacterial infections
8

including pneumonia, bronchitis and urinary infections, and an increase in
their use is usually expected during coldmonths to treat cold-related illnesses.
Indeed, ofloxacin and clarithromycin have been detected in waters collected
from September to November, but their concentrations were always below
the environmental safety limits (Alliance, 2018; European Commission,
2018) in both rivers. The detection of pharmaceuticals at the source of the riv-
ers has also been observed in other studies, and their presence was attributed
to the infiltration of untreatedwastewaters (Paíga et al., 2016), or to the tour-
ism in the area (Mandaric et al., 2017). In our case, further investigations
should be conducted to identify the source of the two synthetic antibiotics.

To gain insight into the bacterial community of the two rivers, a 16S
amplicon sequencing analysis was performed to investigate the entire
microbial community, considering that only a small fraction of bacteria



Fig. 6. Phylogenetic tree of isolates. Bacterial order for each genus (outer ring) is represented by the colored circular line according to the scheme at the bottom. Starting from
the center, the following information is shown: presence of the antibiotic resistance genes (ARGs)mefA/E (black star) and blaTEM (brown square) followed by the treatments
represented as triangles: LB as no antibiotic treatment (black), ampicillin (pink), amoxicillin (blue), erythromycin (green), kanamycin (red) and tetracycline (brown). Isolate
sequences are labelled including their source (T - Tiber, V - Variola) and themonth of sample collection. No antibiotic (LB), erythromycin (Ery), amoxicillin (Amx), ampicillin
(Amp), kanamycin (Kan) and tetracycline (Tet).
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can be cultured in the laboratory (Schloss and Handelsman, 2004; Stewart,
2012). The most abundant phyla observed in the two sites were consistent
with the bacteria usually detected in freshwater ecosystems, in particular
Proteobacteria and Bacteroidota together with Actinobacteriota,
Cyanobacteria, Firmicutes and Verrucomicrobiota (Lemke et al., 2009;
Savio et al., 2015; Tierno de Figueroa et al., 2013; Zwart et al., 2002).
Patescibacteria, a phylum widely observed in subsurface habitats and in
ground water due to a mobilization process from soil (Herrmann et al.,
2019), were present at higher relative abundance in water samples col-
lected in autumn from both rivers compared to the other sampling months.
The increase in relative abundance of Patescibacteria could be explained by
the precipitation events occurred during October and November that might
have resuspended the sediments and mixed the soil bacteria in water. The
metagenomic analysis also demonstrated that despite the distance between
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the two studied areas, the bacterial community did not show big variations.
However, in all analyzed samples, >20 % of reads were taxonomically
unclassified at the order level, indicating the presence of bacteria not yet
annotated in the databases.

The classical approach, based on culturablemethod,was implemented to
study the presence of ARB. Sanger sequencing was then used to identify the
individual isolates to better understand which bacteria were resistant to the
treatment with selected antibiotics. Despite the differences in bacterial load,
an increased number of culturable bacteria were observed on agar plates
from samples collected in November from the Variola River and in October
from the Tiber River. This finding is in line with the 16S sequencing results
showing an increase in the relative abundance of Patescibacteria in these
two months. For the same months, the highest number of isolates was
observed on agar plates treated with amoxicillin, ampicillin, erythromycin



Fig. 7. Canonical corresponding analysis (CCA) of the correlation among the bacterial isolates at order level, treatments in agar plates and antibiotic resistance genes (ARGs)
detected. The CCA analysis was performed separately for the Variola River (A) and the Tiber River (B). The arrows indicate the direction and magnitude of the correlation
between antibiotic treatment on agar plates where 118 isolates (36 for the Variola River and 82 for the Tiber River) were collected, and the presence/absence of two ARGs
associated with the bacterial orders (blue). The antibiotic treatments on agar plates were: no antibiotic (CTR), erythromycin (ERY), amoxicillin (AMX), ampicillin (AMP),
kanamycin (KAN) and tetracycline (TET). The ARGs analyzed were: blaTEM (conferring resistance to β-lactams) and mefA/E (conferring resistance to macrolides). The
symbols represent the different sampling months studied: solid green symbol September (Sept), solid yellow November (Nov) and solid red March for the Variola River;
and open symbol green October (Oct), solid orange April and open blue July for the Tiber River. Bacterial orders: Aeromonadales (Aero.), Bacillales (Baci.),
Chitinophagales (Chiti.), Enterobacterales (Enter.), Flavobacteriales (Flavo.), Micrococcales (Microc.), Propionibacteriales (Propi.), Pseudomonadales (Pseudo.),
Solirubrobacterales (Solir.), Sphingobacteriales (Sphingob.) and Xanthomonadales (Xantho.).
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and kanamycin, suggesting a non-specific increase of resistance potentially
influenced by soil bacteria (Araya et al., 2003; Di Cesare et al., 2017).

The 16S V3-V4 amplicon sequencing analysis on a total of 118 isolates
from agar treatment plates (with and without antibiotics) showed
Pseudomonadaceae as the most frequently identified family followed
by Yersiniaceae (both Proteobacteria phylum) in the Tiber River, and
Microbacteriaceae followed by Sphingobacteriaceae (Actinobacteriota and
Bacteroidota phylum, respectively) in the Variola River.

Compared to the culture-based method employed in this study, the
NGS 16S metagenomic analysis showed, as expected, a more complex
microbiome. Differences in results obtained with these two methods are
mainly due to the ability of NGS to detect both culturable and unculturable
bacteria and also to a different taxonomic classification among databases.
However, for 104 out of the 118 isolates, the Sanger amplicon matched a
NGS amplicon with sequence identity higher or equal to 99 % and 71
sequences at 100 %.

We selected two resistance genes, blaTEM andmefA/E to be monitored in
the isolates as they were associated with a higher number of isolates during
the study. In our study, blaTEM and mefA/E were detected together only in
five different isolates, three Actinobacteriota and one Proteobacteria from
the Tiber River samples, and one Actinobacteriota from the Variola River.
The gene blaTEM confers resistance to penicillins, 1st and 2nd generation
of cephalosporins, and the extended-spectrum β-lactamases (ESBLs). It is
frequently present on plasmids and transposons (Bradford, 2001; Hooban
et al., 2020; Singh et al., 2018) allowing resistance to be transferred to
other bacteria by horizontal gene transfer (HGT), using for example the con-
jugation pathway (Del Grosso et al., 2002). Importantly, blaTEM has been de-
tected worldwide in different freshwater ecosystems (Alves et al., 2020),
including those considered at low anthropogenic impact (Lima-Bittencourt
et al., 2007; Scott et al., 2020) and in drinking water (Alpay-Karaoglu et al.,
2007; Hsu et al., 2014). Sub-inhibitory or environmentally relevant concen-
trations of anthropogenic contaminants in aquatic ecosystems usually
promote HGT (Jiang et al., 2022; Niegowska et al., 2021; Wang et al.,
2019). At the same time, water ecosystems have been considered ideal
habitats for the spreading of antibiotic resistance (Zhu et al., 2017). In the
present study, blaTEM was mainly detected in isolates from agar plates
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treated with amoxicillin, while mefA/E, which confers resistance to
macrolides, was mostly observed after treatment with erythromycin, as ex-
pected, but also following tetracycline treatments. These results show that
macrolide resistance is co-selected after exposure to tetracycline, for exam-
ple, by the same resistance mechanism such as expression of efflux pumps
(Speer et al., 1992; Sutcliffe et al., 1996), and co-selective effects have
also been detected following exposure to other antibiotics. This implies
that the observed co-selection, which is an important mechanism to
induce/enhance ARB in water, was probably due to a natural resistance or
to the presence of antibiotics in water which, even at very low concentra-
tions, may contribute to this phenomenon. Indeed, it is known that low
levels of these substances in the environment can enhance the development
of resistance (Esiobu et al., 2002). Moreover, the detection of ARGs in the
selected low-impacted sampling sites is not unexpected, considering that
the antibiotic resistance is a naturally occurring phenomenon.

As for blaTEM, the mef gene is located on MGEs, in transposons. Mef-
carrying bacteria can transfer this element to other bacteria by the conjuga-
tion pathway and facilitate the spread of resistance (Del Grosso et al., 2002).

Looking at the analyses performed at the order/genus level, within the
order Pseudomonadales, one of themost diverse and ecologically significant
groups of bacteria, the most frequently detected genus was Pseudomonas,
bearing blaTEM in 23 out of 35 isolates. Due to its versatility and adaptability,
it can be found in the major natural aquatic and terrestrial environments
(Palleroni, 2015; Spiers et al., 2000). The genus Pseudomonasmay endanger
human health due to species considered opportunistic pathogens infecting
humans, such as P. aeruginosa (Mena and Gerba, 2009), which is on the
WHO list of priority pathogens posing threat to human health (WHO,
2017). For the order Enterobacterales, Serratiawas themost frequently iden-
tified genus with the detection of blaTEM in 7 out of 14 isolates, followed by
Erwiniawith blaTEM in 5 out of 6 isolates (Table S17). The genus Serratia can
be found in different environments, including pristine freshwater ecosys-
tems (Lima-Bittencourt et al., 2007; Pontes et al., 2009b), soil (Rusznyák
et al., 2012) and plants (Grimont et al., 1981). Although most of the species
belonging to this genus are non-pathogenic, S. marcescens is the main
pathogenic species for either humans or animals. The genus Erwinia con-
tains mostly plant pathogenic species, although occasionally it can cause
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infection in humans, becoming an opportunistic pathogen (Bottone and
Schneierson, 1972). We also identified resistance genes in Pedobacter
(Bacteroidota phylum) which also has been detected in pristine environ-
ments (Markúsdóttir et al., 2013), and inArthrobacter, known to include en-
vironmental superbugs and opportunistic pathogens, respectively (Huang
et al., 2005; Viana et al., 2018).

In the CCA analysis, which was performed to identify possible correla-
tions between bacterial orders, antibiotic treatments, and resistance genes,
a correlation between blaTEM and the control plateswas observed for samples
collected in the Variola River. However, this result should be interpreted
with caution due to the low number of bacterial isolates obtained. For the
Tiber River, blaTEM detectionwas correlatedwith ampicillin treatment, as ex-
pected. The lack of correlation betweenmefA/E and erythromycin treatment
may be due to unanalyzed genes conferring resistance to macrolides such as
erm or mph (Varaldo et al., 2009), and suggests a co-selection of resistance.

The positive correlation between clarithromycin concentrations and the
amount of isolates resistant to erythromycin suggests that antibiotic concen-
trations below the proposed environmental safety limits (Bengtsson-Palme
and Larsson, 2016) influence the functional resistance of environmental
bacteria, an effect not easily detectable by the presence of the ARGs. Further
studies need be carried out to assess a possible correlation between low con-
centrations of antibiotics and the presence of ARGs, as well as the effect of
these concentrations on the environmental resistome.

Overall, this study allowed characterizing the background level of resis-
tance in two low-impacted areas, which will be useful in a future compari-
son to downstream sites subjected to different anthropogenic pressures. In
particular, our results show the presence of resistant and co-resistant bacte-
ria in the selected sampling sites and further analysis will be necessary to
better understand if the observed resistance developed following exposure
to particular stimuli (e.g. metals) or if it represents a naturally-occurring
phenomenon. Additionally, the detection of isolates bearing ARGs which
are frequently detected in MGEs may represent a factor concurring to the
spread of resistance thorough HGT. Considering that some of the detected
bacteria belong to genera including opportunistic human pathogens, their
spread in the environment could have serious health implications on both
humans and animals. Surveillance is therefore required to monitor ARB
and ARG prevalence in the environment to better understand the potential
threat they may pose to public health.

5. Conclusions

Although the AMR impact on water environments has been extensively
investigated in areas with high anthropogenic activities, less is known on
the selective pressure promoted by antibiotics in low-impacted sites. In
our study, we demonstrate the presence of bacterial resistance to at least
two antibiotics in a pre-Alpine river and to all antibiotics tested in an
Apennine riverwith low anthropogenic impact. The difference of resistance
found in the rivers suggests that low concentration of antibiotics could
affect the resistome in the river. We also identified genera of culturable
bacteria, which have recently been recognized or suggested to include
opportunistic pathogens as carriers of ARGs. Our results showed the pres-
ence of cross-resistance and the presence of resistance to macrolides and
β-lactams simultaneously in some genera which could contribute to the
spread of AMR in the ecosystem. On the other hand, metagenomics enabled
us to characterize the overall microbial community, including unculturable
bacteria. In this case, further studies would be needed to link the ARGs to
species carrying the resistance. Although additional investigations need to
be performed to better define the development of resistance and the impact
of the antibiotic contamination in water ecosystems, our findings show
which bacteria can be source of AMR from the environments to humans
and animals. At the same time, our study contributes to the generation of
ARG profiles in areas with low anthropogenic activities. Such profiles,
once integrated with studies performed on impacted sites, could help in
the identification of selected ARB and ARGs as indicators of AMR spread
and in the implementation of strategic monitoring programs to mitigate
the AMR and its effects on humans and environmental health.
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